[1] Measurements of solute concentrations from previously unstudied watersheds throughout west Siberia suggest that warming and permafrost degradation will likely amplify the transport of dissolved solids to the Kara Sea and adjacent Arctic Ocean. We present concentrations of Ca 2+ , K + , Mg 2+ , Na
Introduction
[2] The Arctic is particularly sensitive to observed and projected shifts in climate and is a harbinger of global change, as average annual arctic temperatures have increased at almost twice the global rate over recent decades and are predicted to increase by an additional 4°-7°C over the next century [e.g., Arctic Climate Impact Assessment, 2004] . Continued warming will likely have profound consequences for many systems throughout the region, including permafrost extent, river discharge and stream biogeochemistry [e.g., Anisimov and Nelson, 1996; Peterson et al., 2002; Frey and Smith, 2005] . Each year, rivers transport $3300 km 3 of freshwater to the Arctic Ocean, of which $35% is derived from the Ob' and Yenisey rivers of west Siberia alone [Aagaard and Carmack, 1989] . This freshwater delivery exerts considerable influence on Arctic Ocean and global ocean circulation through impacts on North Atlantic Deep Water (NADW) formation, salinity distribution and sea ice formation [Rahmstorf, 1995; Vörösmarty et al., 2001] . Furthermore, the river transport of solutes and nutrients to arctic Eurasian shelves and the Arctic Ocean basin interior heavily influences biological production [Dittmar and Kattner, 2003, and references therein] and consequently, the drawdown of atmospheric CO 2 .
[3] Despite west Siberia's large geographic size ($2.6 Â 10 6 km 2 ) and global significance of potential hydrological change, little is known about stream and river geochemistry in the region. General discussion of the inorganic character of arctic Eurasian rivers is presented by Telang et al. [1991] and Gordeev et al. [1996] ; however, sampling sites are limited to the mouths of major rivers. Similarly, several studies investigating major elements, trace metals, radionuclides, and pesticides confine sampling points either offshore in the Kara Sea or in the main stems of the Ob'-Irtysh or Yenisey rivers [e.g., Dai and Martin, 1995; Bobrovitskaya et al., 1997 ; Moran and Woods, 1997; Cochran et al., 2000; Alexeeva et al., 2001; Krishnamurthy et al., 2001; Paluszkiewicz et al., 2001] . While the solute composition of main stem surface waters in west Siberia provide a general measure of the spatially averaged environmental conditions for the region, additional sampling points from smaller watersheds throughout the region are required to understand solute sources, weathering reactions and potential anthropogenic contamination with higher spatial resolution. This has been accomplished in east Siberia, with extensive sampling of tributaries yielding a thorough assessment of riverine chemistry and weathering environments [e.g., Gordeev and Sidorov, 1993; Martin et al., 1993; Guieu et al., 1996; Huh et al., 1998a Huh et al., , 1998b Huh and Edmond, 1999] . Comparison of these results with those in west Siberia lends valuable insight into two potentially dissimilar geochemical regimes at similar latitudes. Most importantly, given the hydrological significance of west Siberian rivers to Eurasian shelf waters and the Arctic Ocean, establishing a comprehensive understanding of the region's current riverine chemistry is critical for assessing its potential role in arctic and global change.
[4] The primary goals of this study are twofold. First, we present an unprecedented comprehensive assessment of the inorganic water chemistry of west Siberian streams and rivers, sufficiently robust to determine regional solute sources and potential anthropogenic contamination in watersheds throughout the region. Second, because the sampled watersheds span a large climatic and permafrost gradient, we seize a unique opportunity to ''substitute space for time'' in order to predict how inorganic river water chemistry may change under scenarios of continued climate warming and permafrost degradation. These goals are achieved through presentation of Ca 2+ , K + , Mg 2+ , Na + , Si, Cl À , SO 4 2À , HCO 3 À , inferred alkalinity (Alk inf ) and total inorganic solutes (TIS) concentrations from 94 streams and rivers located throughout west Siberia (Figure 1 ). From these data, we develop and utilize an EMMA model that incorporates key solutes to investigate the variability of source waters contributing to streamflow throughout the region. Further, we derive a regional hydrological model in order to calculate an annual flux of solutes from west Siberia. On the basis of these solute fluxes, we can predict the influence that warming and permafrost degradation may have on the river transport of dissolved solids to the Kara Sea shelf waters and adjacent Arctic Ocean.
Study Site
[5] West Siberia is the world's largest intracratonic basin [Peterson and Clarke, 1991] , bounded by the Ural Mountains to the west, the Yenisey and Taymyr ranges to the east, and the Altay-Sayan and Kazakhstan shields to the south. The underlying basement consists of Precambrian and Paleozoic fold systems that include regions of partly metamorphosed Paleozoic carbonate and clastic sediments as well as Paleozoic intrusive rocks [Energy Information Administration (EIA), 1997]. A 3 -10 km thick basin cover of Mesozoic-Cenozoic clastic and sedimentary rocks of marine, nearshore marine, and continental origin lies over these basement rocks [EIA, 1997; Ulmishek, 2003] , thinning out completely toward the basin boundaries. These basin sediments were deposited during at least three major Figure 1 . West Siberia and the locations of 94 water samples collected throughout the region. The permafrost limit, based on Brown et al. [1997 Brown et al. [ , 1998 , is also demarcated. transgression-regression cycles in an extensive, shallow, inland sea and have experienced little tectonic disturbance since deposition [Peterson and Clarke, 1991] . In general, the basin sediments are dominated by sandstone and shale, although limestone and salt diapirs are also present [Peterson and Clarke, 1991] . The large basin size and stable depositional history of slow subsidence and basin filling combine to make the West Siberian Basin one of the largest oil and natural gas producing regions in the world [Peterson and Clarke, 1991] . As a result of hydrocarbon extraction, surface water and groundwater are sometimes contaminated with oilfield brines (the connate water removed from oil productive geologic formations), which are highly concentrated in dissolved salts [e.g., Collins, 1975; Alexeev et al., 2004] . Overlying the basin cover, Quaternary deposits are generally thin (often consisting of sands and other aeolian and fluvial deposits) [Kremenetski et al., 2003] and Tertiary and Cretaceous sediments are commonly exposed in river valleys [Bleuten and Lapshina, 2001] .
[6] West Siberia occupies $2.6 Â 10 6 km 2 and owing to its uniformly low topographic relief, is considered the largest flat area on Earth. Cool temperatures, poor drainage and waterlogged conditions have enabled accumulation of $70.2 Pg of carbon in the region's extensive peatlands over the last $11,000 years [Kremenetski et al., 2003; Sheng et al., 2004; Smith et al., 2004] . A recent and comprehensive inventory now confirms that the region contains nearly 600,000 km 2 of peatlands, representing a Holocene carbon sink of global significance Smith et al., 2004] . More than half of the region is influenced by permafrost ($1.4 Â 10 6 km 2 of its $2.6 Â 10 6 km 2 total land area), with 15% of the region covered with continuous permafrost (northward of $66°N) and 39% of the region covered with discontinuous, sporadic or isolated patches of permafrost ($61°-66°N) (Figure 1 ). The presence of permafrost and the low hydraulic conductivity of peat strongly influence the hydrology of the region, limiting infiltration and producing perched water tables near the land surface. This in turn promotes the existence of tens of thousands of shallow lakes and wetlands throughout the region . The two largest rivers draining west Siberia are the Ob' and Yenisey (Figure 1 ). The $2,990,000 km 2 watershed area of the Ob' River discharges $404 km 3 each year and the $2,580,000 km 2 watershed area of the Yenisey River discharges $630 km 3 each year [Kimstach et al., 1998 ].
Data and Methods

Stream and River Sampling
[7] Ninety-four watersheds were sampled during three field campaigns to west Siberia during late summer (midJuly through late August) of 1999, 2000 and 2001 ( Figure 1 and Table 1 ). These combined samples constitute an unprecedented, geographically extensive and temporally synoptic data set for west Siberia that spans $55°-68°N in latitude and covers $10 6 km 2 in land area Water samples were taken from a broad array of watersheds, with drainage basin areas ranging from $19 km 2 to $2.6 Â 10 6 km 2 . Furthermore, the sampled sites include 39 permafrostinfluenced watersheds and 55 permafrost-free watersheds. This differentiation is made using the southern limit of permafrost as mapped by Brown et al. [1997 Brown et al. [ , 1998 ] and occurs at a latitude of $61°N (Figure 1 ).
[8] Water samples were filtered in the field through Osmonics 1 0.22 micron mixed-ester membranes and stored in acid-washed high-density polyethylene bottles at 4°C until analysis. Two samples were taken from each location. The first (for analysis of dissolved cations) was acidified with double distilled concentrated nitric acid. The second (for analysis of dissolved anions) was not acidified and was collected without head space to minimize degassing. [Frey and Smith, 2005] , we assumed Alk inf to be composed of both carbonate alkalinity and organic anions. As a first approximation, we estimated the organic anion concentration of each sample from its pH and DOC concentration [Thurman, 1985] . We attributed the remainder of Alk inf to carbonate alkalinity, which we assumed to be HCO 3 À based on the circumneutrality of the waters ( Christophersen and Hooper [1992] , was used to determine the proportions of end-members solutions contributing to streamflow for each of our samples. PCA-based EMMA models have been used primarily at a single sample site to identify temporal patterns in endmember contribution to streamflow by separating discharge components of hydrographs that span noteworthy events (e.g., storms, freshet) [Burns et al., 2001; McHale et al., 2002; Liu et al., 2004] . In contrast, for this study we developed a PCA-based EMMA model to identify synoptic spatial patterns in end-member contribution to streams located throughout the west Siberian region. Although we sampled the suite of stream waters during three summers, we consider the assemblage of samples as synoptic because they were all sampled at similar points in their respective hydrographs.
[10] Three end-members were assumed to contribute to streamflow in the 94 sampled watersheds: Peat surface water, groundwater and oilfield brine. Solute concentrations for the three end-members were determined as follows. The peat surface water end-member was calculated as the average of 40 peat surface water samples from sites distributed throughout the region, collected by depressing the peat surface, and filtered and analyzed for solute concentrations just as for our stream samples (as described in section 3.1.). The stream sample with the highest dissolved solids concentration (KF-01-50; Table 1 ), but without oilfield brine solute indicators (e.g., high concentrations of Cl À ), was used as a first-order approximation of the groundwater end- member. Oilfield brine solute concentrations as reported by Collins [1975] were used as the oilfield brine end-member, which is nearly identical to that found in the Siberian platform east of west Siberia [Alexeev et al., 2004 ], yet offers a more complete report of solute concentrations. For our EMMA model, we assumed that the chemical compositions of contributing end-members were constant among all of the samples, thus allowing the sampled watersheds throughout the west Siberian region to be considered as one continuous system.
[11] Chemical constituents were considered acceptable as tracers in the EMMA model if stream water concentrations were bounded by potential end-members, determined by constructing bivariate mixing diagrams of all combinations of measured solutes. Of these solutes (Table 1) , four constituents were determined to be satisfactory tracers: Ca 2+ , Na + , Cl À and Alk inf . Furthermore, these solutes are effectively ''nonreactive'' in the west Siberian water mixtures. However, sensu stricto, Ca 2+ and Alk inf can be chemically reactive if solubility limits for carbonate minerals are exceeded (causing mineral precipitation) or if water undersaturated with respect to carbonate minerals dissolves them in contact.
Discharge Model
[12] In order to estimate solute fluxes for the sampled streams and rivers, we approximated an annual discharge value for each watershed using the regression method for discharge estimation from watershed attributes [Mosley and McKerchar, 1993] . Here we utilized discharge (Q), drainage area (A) and watershed mean annual precipitation (P) as input variables. In order to derive the regression equation, Q, A and P were determined as follows: (1) The 154 west Siberian gauging stations and associated discharge data (for years 1961 -1990) were identified from the R-ArcticNET data network (available at http://www.r-arcticnet.sr. unh.edu); (2) watershed areas corresponding to each of the 154 gauging stations were delineated with a Lambert Azimuthal Equal Area map projection in the ESRI 1 ArcGIS TM v. 8.0 Geographic Information System (GIS) using Digital Chart of the World drainage networks, the GTOPO30 digital elevation model, United States Tactical Pilotage Charts, United States Operational Navigation Charts and Russian Oblast maps; and (3) mean annual precipitation over the watersheds was determined in the GIS using gridded climate normals for years 1961 -1990 [New et al., 1999 . The resulting derived discharge estimation equation is as follows:
where Q is mean annual discharge (km 3 yr À1 ), A is drainage area (km 2 ), and P is mean annual precipitation (mm yr
À1
). This modeling approach was necessary for flux calculations, as sampling points rarely coincide with gauging stations. Once the regression equation was derived, discharge at each of the 94 sampling locations was calculated by first establishing their respective watershed areas and mean annual precipitation, as in steps 2 and 3 above. Resulting watershed area and discharge estimates for each of the 94 samples are shown in Table 1 . Solute fluxes from the watersheds were then determined by multiplying annual discharge values by respective measured solute concentrations at each of the sampled sites. Although solute concentrations measured during late summer do not necessarily reflect those throughout the entire year, we utilized this approach as a first approximation in the absence of detailed flow-weighted data over the entire annual hydrograph in these remote locations.
Results and Interpretation
Major Solutes
[13] Figure 3c because of the additional presence of Ca 2+ with carbonate dissolution). We can also support the hypothesis that oilfield brines within the sedimentary rocks are impacting the water chemistry of streams at the surface through the observed stoichiometric relationship between Na + and Cl À in our watersheds (Figure 3d ). Lastly, one reason carbonate species may dominate the solute composition in west Siberian streams is that carbonate dissolution may be enhanced by the presence of organic peat soils. The plot of HCO 3 À versus pH (Figure 4) indicates that the dissolution of carbonates is occurring somewhere between a P CO2 of normal atmospheric concentrations (P CO2 = 10 À3.5 ) and higher values typically found in soils (P CO2 > 10 À3.5 ), where organic matter is oxidized to CO 2 . Therefore oxidation of peat soils in west Siberia undoubtedly enhances carbonate dissolution by providing greater availability of CO 2 . Furthermore, the production of organic acids within peat soils may effectively promote silicate weathering as well.
Water-Rock Interaction
Latitudinal Contrasts
[15] The solute concentrations of our sampled stream waters show a distinct relationship with latitude ( Figures 5  and 6 ). Stiff diagrams placed at the location of each of the samples ( Figure 5 ) represent both the concentrations and relative abundance of solutes. The shape of the diagrams (denoting the relative abundance of solutes) corroborates the weathering of carbonate rock in many of the sampled watersheds, both north and south of the permafrost limit ($56°-61°N) . The surface disposal of oilfield brines may be affecting a small number of streams at the lowest latitudes (55°-57°N), which is apparent in their high concentrations of Na + and Cl À . The size of the Stiff diagrams (denoting the total concentrations of solutes) is strongly dependent on latitude. Solute concentrations north of the permafrost limit ($61°N) are relatively low, whereas concentrations south of the permafrost limit are considerably higher. This relationship is simplified when observing the direct dependence of TIS on latitude (Figure 6 ). TIS concentrations in permafrost-influenced watersheds (north of $61°N) are consistently low, but sharply increase south of $61°N where permafrost disappears from watersheds. On average, concentrations of each solute (except for Si) are significantly higher in southern, permafrost-free watersheds than in northern, permafrost-influenced watersheds (Table 1) . To generalize this observation, we note that TIS concentrations average $289 mg L À1 in permafrost-free watersheds, yet only $48 mg L À1 in permafrost-influenced watersheds. Furthermore, permafrost-influenced stream waters are on average slightly more acidic (pH = 6.4) than permafrost-free stream waters (pH = 7.5) (Table 1) , possibly driven by the buffering of stream waters at southern latitudes via the discharge of alkaline groundwater or dissolution of carbonates in mineral soils not covered by frozen peat.
End-Member Mixing Analysis (EMMA)
[16] Results of the principal components analysis of the four tracers used in the EMMA model (Ca 2+ , Na + , Cl À and Alk inf ) show that 98% of the variability in west Siberian stream chemistry is accounted for by the first two principal components. On the basis of Christophersen and Hooper [1992] , our EMMA results show that the three endmembers (peat surface water, groundwater and oilfield brine) sufficiently explain the observed variability in stream water solute concentrations in west Siberia. Furthermore, linear regressions between tracer concentrations predicted from the EMMA model and observed tracer concentrations yield r 2 values of 0.98 -0.99 and slopes of 0.96 -0.97, indicating that the derived EMMA model is a robust means by which to predict proportions of end-member contribution to streamflow throughout west Siberia.
[17] Projecting both the stream water and end-member compositions onto U space (as defined by the eigenvector extracted in the PCA) results in a mixing diagram (Figure 7 ) that shows the variable influence of the end-members on our measured stream samples. Peat surface water and groundwater impact stream composition to a much greater extent than oilfield brine (i.e., note the x and y axis breaks toward the oilfield brine end-member; Figure 7 ). Both groundwater and surface peat water contribute a range of 0 -100% to streamflow in the region. In contrast, oilfield brine À and pH. The isolines of P CO 2 define an open system of carbonate dissolution, with P CO 2 values found in soils typically higher than those of normal atmospheric concentrations (P CO 2 = 10 À3.5
). Saturation lines indicating equilibrium with calcite or dolomite are also shown. contributes only 0 -0.6%. The relative impact of peat surface water and groundwater on stream composition is also highly dependent upon the latitude of the sampled stream, with peat surface water the primary contributor to streamflow at higher latitudes (in permafrost-influenced watersheds) and groundwater the primary contributor to streamflow at lower latitudes (in permafrost-free watersheds). On the basis of the results of the EMMA model, we can calculate the relative contribution of groundwater to each watershed as a function of latitude (Figure 8 ). The groundwater contribution is consistently low in permafrostinfluenced watersheds and sharply increases south of $61°N (when permafrost no longer impacts the watersheds). This observed pattern is nearly identical to the relationship seen between TIS and latitude ( Figure 6 ).
Flux Estimates of Total Inorganic Solutes
[18] Combining discharge estimates (as determined in section 3.3.) and measured TIS concentrations, we calculate an annual flux of TIS (g yr À1 ) for each of the sampled watersheds (Table 1) as a first-order approximation for the export of solutes from west Siberian watersheds. Because TIS flux estimates vary as a function of watershed area, an area-normalized TIS flux (in units of g m À2 yr À1 ) is a more meaningful indicator by which to compare watershed solute loads. Our estimates of area-normalized solute loads in the sampled watersheds vary between 0.7 and 90 g m À2 yr À1 (Table 1) . As was seen for TIS concentrations, there is also a strong divergence between solute loads in permafrost- influenced watersheds (averaging $9 g m À2 yr À1 ) and those in permafrost-free watersheds (averaging $28 g m À2 yr
À1
). On the basis of these measurements and the areal distribution of permafrost throughout west Siberia, we estimate that the area-normalized flux of solutes from the entire region ($2.6 Â 10 6 km 2 ) is currently $18 g m À2 yr À1 (Table 1) .
Discussion
[19] The most salient result from this study is the considerably higher solute concentrations found in surface waters from permafrost-free watersheds relative to surface waters from permafrost-influenced watersheds (Table 1 and Figures 5 and 6) . Our results are similar to those reported by Kimstach et al. [1998] , with observations of low TIS (10 -30 mg L À1 ) in northern tundra watersheds and high TIS (200-600 mg L À1 ) in southern steppe watersheds of the former Soviet Union. In general, the solute composition of stream and river waters in west Siberia is controlled by water-rock interactions in upland areas and below the upper peat layer, biogeochemical processes within the peat column, and hydrology. It is possible that the observed regional divergence in our solute concentrations (e.g., Figures 5 and 6 ) may be also influenced by variability in surface air temperatures [e.g., Berner, 1990; Bluth and Kump, 1994] , with slow weathering reaction rates in cold, northern watersheds (giving rise to low solute concentrations) and fast reaction rates in warm, southern watersheds (giving rise to high solute concentrations). However, the amount of mineral surface available to dissolution is minimal for frozen ombrotrophic peat (which covers much of the permafrost-influenced region), indicating that temperature gradients are not a primary driver for the observed differences in surface water chemistry. Alternatively, the observed solute divergence may be driven by permafrost-controlled hydrological processes, with permafrost forming a confining barrier that inhibits the infiltration of surface water through deep mineral horizons (limiting water-rock interaction) and restricts mineral-rich subpermafrost groundwater from reaching surface water pathways [Woo and Winter, 1993; Michel and van Everdingen, 1994; Woo et al., 2000] . This hypothesis is corroborated by MacLean et al. [1999] , who found that the presence of permafrost significantly reduces the dissolution and transport of dissolved inorganic mineral loads in streams of the Alaskan taiga by confining runoff to upper soil horizons. Our interpretation of permafrost influence on stream solute concentrations in west Siberia is in fact conservative, because low hydraulic conductivity peatlands are thinner in the north and thicker in the south .
[20] Measured solute concentrations throughout west Siberia are highly dependent upon permafrost distribution, with solutes more concentrated in waters draining permafrostfree watersheds than those draining permafrost-affected watersheds (Table 1 and Figures 5 and 6 ). However, we note that Si is the only solute for which permafrost-limited sources appear not to apply. Using a Student's t test, we note no difference between Si concentrations for the permafrost-free and permafrost-influenced environments (using an exceedance probability of p = 0.05). This independence of Si concentrations from latitude may be caused by the overall low abundance of silicate minerals. A plot of Si/(Na* + K + ) (where Na* = [Na
indicates that the primary aluminosilicate minerals that are present may be dominated by refractory minerals (i.e., quartz) or alteration products that have lost a significant portion of their soluble cations. Furthermore, diatom formation and dissolution in lakes and rivers are thought to play significant roles in Si systematics in freshwater systems at high latitudes [e.g., Rouse et al., 1997; Laing and Smol, 2000] , controls that are difficult to evaluate from synoptic sampling. [21] A recent suite of studies [Huh et al., 1998a [Huh et al., , 1998b Huh and Edmond, 1999] described the inorganic geochemistry of the heavily permafrost-influenced east Siberian rivers (including tributaries of the Lena, Omoloy, Indigirka, Kolyma, Anadyr and Anabar rivers) and investigated the potential influence of climate on weathering and solute fluxes in the various lithologies of the region. However until now, a comparable study has not existed for west Siberia. In east Siberian rivers, overall weathering is dominated by carbonates and evaporates [Huh et al., 1998a [Huh et al., , 1998b Huh and Edmond, 1999] . This is generally similar to our results in west Siberia. Furthermore, average area-weighted TIS loads in east Siberian watersheds (which are all permafrost-influenced) range from 13 to 81 g m À2 yr À1 draining the sedimentary platform of the Siberian Craton [Huh et al., 1998b] ; 2 to 20 g m À2 yr
À1
draining the Verkhoyansk and Cherskiy ranges [Huh et al., 1998a] ; and 3 to 35 g m À2 yr À1 draining the basement terrain of the Siberian Craton and the Trans-Baikal Highlands [Huh and Edmond, 1999] . In comparison, our measured west Siberian TIS loads range from 1 -47 g m À2 yr
in permafrost-affected watersheds and 4-90 g m À2 yr À1 in permafrost-free watersheds, with a regionally averaged TIS load of $18 g m À2 yr À1 for the entire west Siberian area ( Table 1) . As east Siberian watersheds are generally more heavily influenced by permafrost than those in west Siberia [Brown et al., 1997 [Brown et al., , 1998 ], we expect TIS loads to be significantly lower than those found in this study. However, east Siberian watersheds with the highest TIS loads are characterized by remarkably widespread development of marine halite and gypsum in mineral substrates, which play a dominant role in the solute compositions and total concentrations of these waters [Huh et al., 1998b] [Berner and Berner, 1996] where weathering rates are high and water-rock interaction is not limited by permafrost. However, solute loads in low-latitude rivers may not always be high: Export from the silicate-dominated Amazon basin ($44 g m 2 yr À1 ) [Berner and Berner, 1996] may be controlled by different weathering regimes or by hydrological transport processes in which a lack of topography causes weathering products to be inefficiently removed, thus allowing thick soils to develop (and further limiting water-rock interaction) [Stallard and Edmond, 1987] .
[22] Our results show that the permafrost limit in west Siberia marks a clear threshold, with northern, permafrostinfluenced watersheds exhibiting low solute concentrations and southern, permafrost-free watersheds exhibiting dramatically higher solute concentrations. A warming arctic climate may thus lead to increased release of solutes to rivers through: (1) surface air temperature impacts on weathering kinetics, with a warming climate enhancing overall reaction rates [e.g., Berner, 1990] ; or more likely (2) the resulting degradation of permafrost allowing both mineral-rich groundwater to reach surface water pathways and surface water to no longer be solely confined to upper soil horizons [e.g., Michel and van Everdingen, 1994; Rouse et al., 1997].
Although Stendel and Christensen [2002] predict permafrost will nearly disappear from the west Siberian region by the year 2100, the response of permafrost dynamics to climate warming is highly complex and its expected rate of degradation is largely unknown [e.g., Zhang et al., 2005] . If recently observed air temperature trends in west Siberia continue ], however, permafrost will undoubtedly thaw dramatically in the coming decades. On the basis of our measured solute concentrations in both permafrost-influenced and permafrost-free watersheds, we estimate that the current regionally averaged TIS export from west Siberia (over $2.6 Â 10 6 km 2 ) is $18 g m À2 yr
( ). If permafrost were to completely disappear from west Siberia (from its current area of $1.4 Â 10 6 km 2 ), we predict that TIS export will increase to $28 g m À2 yr
(assuming constant discharge), or $73 Tg yr À1 (a $59% increase). However, these predictions of total solute loads exported to the Kara Sea and Arctic Ocean may be confounded by uncertainty in the response of river discharge to climate change and anthropogenic drivers [Berezovskaya et al., 2004; McClelland et al., 2004; Yang et al., 2004a Yang et al., , 2004b Ye et al., 2004] . In addition, although impacts of permafrost thaw are likely the most important drivers of our predicted increases in inorganic solute concentrations, ''substituting space for time'' inherently incorporates potential ecological or biogeochemical causes of increased solute concentrations that may occur with warming as well.
[23] Concerns about increasing freshwater delivery to the Arctic Ocean have recently emerged [e.g., Peterson et al., 2002; Dyurgerov and Carter, 2004; Arnell, 2005; Wu et al., 2005] , with implications for the cessation of NADW formation (and hence impacting global thermohaline circulation) if an additional 0.06-0.15 Sv of freshwater were to be transported to the Arctic Ocean [e.g., Clark et al., 2002; Peterson et al., 2002; Rahmstorf, 2002] . This phenomenon is directly related to increasing the presence of freshwater at convection sites in the Greenland/Iceland and Labrador seas, thus capping the sites with low-salinity waters, inhibiting convection, and slowing or even halting NADW formation [e.g., Aagaard and Carmack, 1989] . It is apparent that variability in Siberian river discharge may in fact impact the salinity of adjacent shelf waters [Steele and Ermold, 2004] . Our estimates of increasing total solute concentrations (i.e., salinity) of river waters entering Arctic Ocean circulation may therefore plausibly enlarge the predictions of freshwater volume needed to halt NADW formation, thereby tempering the estimates of when NADW may cease to form. However, calculations to determine the impacts on freshwater flux reveal that even while keeping river discharge constant, our predicted increases in solute concentrations will have a minimal impact on convection site processes. This is demonstrated with the following equation:
where the freshwater flux can be separated from the total volume flux of water by utilizing S ref (the reference salinity of the Arctic Ocean) and S (the salinity of the freshwater mass of interest). Here we assume a S ref of 34.8 ppt and a combined total volume flux of all arctic rivers of 0.1 Sv [Aagaard and Carmack, 1989] . From Table 1 , using a river salinity (S) of 0.16 ppt (assuming this for all arctic rivers) currently and 0.29 ppt (if permafrost were to completely disappear from the Arctic), the freshwater flux to the Arctic Ocean would decrease from 0.0995 Sv to only 0.0992 Sv. Considering the volume of freshwater flux needed to impact NADW formation (0.06 -0.15 Sv), this 0.0003 Sv difference caused by potential river salinity differences is minimal.
[24] Although predicted increases in solute loads delivered to the Kara Sea are unlikely to have a physical impact on salinity driven ocean circulation, they could impact biogeochemical processes on the Eurasian shelves and Arctic Ocean basin interior. Our estimate of increasing inorganic solute loads may be used as a proxy indicator of potential increases in micronutrients (e.g., Cu, Co, Fe, Mn, Mo, Ni, Zn) under conditions of degrading permafrost and resulting enhanced water-rock interaction. These micronutrients play an important role in high-latitude marine environments and along with light-restricting sea ice cover, commonly limit primary production and phytoplankton growth [Harrison and Cota, 1991; Grebmeier et al., 1995 Grebmeier et al., , 1998 Carmack et al., 2004; Sarthou et al., 2005; Smetacek and Nicol, 2005] . However, other arctic shelf areas may be so highly productive that zooplankton and microbial consumption cannot deplete the resulting large carbon source, which subsequently may be advected to the Arctic Basin interior through entrainment with dense, briny waters forming as a result of sea ice formation [e.g., Grebmeier et al., 1998] . Although complicated by predictions of rising temperatures and sea ice cover reduction [e.g., Sarmiento et al., 2004] , it is important to consider that projected increases in river transport of dissolved solutes to nutrient-limited arctic marine environments may further enhance primary production and consequently, lead to greater sequestration of atmospheric CO 2 in shelf and basin sediments. This could in turn act as a negative feedback to warming and permafrost degradation.
Summary and Conclusions
[25] Measurements of inorganic solute concentrations from 94 watersheds in west Siberia indicate strong carbonate dissolution for most of the samples throughout the region. More remarkable is the contrast seen between low solute concentrations found in northern permafrostinfluenced watersheds and considerably higher concentrations found in southern permafrost-free watersheds. We attribute this phenomenon to (1) the presence of permafrost constraining mineral-poor peat surface water to be the primary contributor to streamflow in the north and (2) the absence of permafrost allowing mineral-rich groundwater to be the primary contributor to streamflow in the south. With climate warming and subsequent permafrost thaw this region may therefore transition from a surface waterdominated system to a groundwater-dominated system. This premise is confirmed with a PCA-based EMMA model, utilized with an unconventional approach (i.e., to identify spatial patterns in end-member contribution to streams located throughout a region rather than to identify temporal patterns at a single sample site). On the basis of our measurements, we estimate a $59% increase in TIS export from west Siberia to the Kara Sea should permafrost completely disappear from the region. This potential shift in the river transport of solutes is unlikely to impact ocean convection site processes, but may have critical implications for primary production and carbon cycling on arctic Eurasian shelves and in the Arctic Ocean basin interior.
